Background: Great progress has been achieved lately in the therapy for chronic lymphocytic leukemia (CLL), one of the most frequently diagnosed adult leukemias. New classes of drugs, such as kinase inhibitors and BCL-2 protein antagonists, have been approved for treatment of CLL patients. Despite the abovementioned therapies the disease can still be effectively treated with purine nucleoside analogs (PNA). However, some patients, for example, those with TP53 gene abnormalities, become resistant, and the other factors involved in the therapy resistance are still being investigated. This study was aimed at analyzing the possible role of microRNAs as markers predicting the outcome of chemotherapy based on PNA -fludarabine and cladribine in CLL patients. Methods: The expression of miR-21, miR-34a, miR-181a and miR-221 in previously separated leukemic cells was assessed with the use of qRQ-PCR technique at the moment of diagnosis in 40 CLL patients. In turn, apoptosis induced by fludarabine and cladribine in 24-hour cell culture was evaluated by determining the increase in the percentage of apoptotic cells of CD5+/CD19+/Cas3+ phenotype, using a flow cytometry method. Nine of the 40 studied subjects were treated with fludarabine-based regimens and were analyzed with regards to in vivo response to PNA. Results: We detected a significantly higher PNA-induced apoptosis rate in patients with high miR-34a expression in comparison to low expression ones. Interestingly, such differences were detected particularly in standard cytogenetic patients. Conclusions: These results may prove an important role of miR-34a expression as a predictor of apoptosis, even in cases when other risk factors like cytogenetic abnormalities are absent. An assessment of microRNAs expression seems to be useful as an indicator of sensitivity to PNA and may help to predict PNA-based therapy outcome.
of this type of leukemia are highly variable. Some patients with benign disease never require therapy and die because of causes other than leukemia. In others, the treatment is started soon after diagnosis and relapses may occur early, because of the aggressiveness of the disease that is the cause of death in this group. 5, 6 The improved tools are used for predicting the outcome of leukemia. Some markers also allow a choice of the specific therapies with known effectiveness in the presence of certain genetic or clinical features of CLL. The most important in clinical practice are immunoglobulin heavy chain genes (IgVH)), ZAP-70 and CD38 expression being considered as indicators for IgVH mutations as well as gene and genomic abnormalities. [5] [6] [7] Of these markers clinical features like age or the presence of comorbidities have also shown independent prognostic value in multiple prospective trials, but finding the new prognostic and predictive factors which will help to improve therapy results is still of importance.
Research on CLL pathogenesis revealed lots of mechanisms involved in leukemic transformation. The B cell receptor signaling induces survival of leukemic lymphocytes. Proproliferative signals are also mediated from the microenvironment. [7] [8] [9] Additionally, several genetic alterations like the single-nucleotide polymorphisms, chromosomal alterations and alterations in microRNAs (miR) were reported. 8, 10 MicroRNAs are epigenetic modulators of gene expression and cellular signaling pathways. They are reported to be deregulated in human cancers acting as inducers or suppressors of tumor growth. [11] [12] [13] CLL was the first neoplastic disease in which deregulation of microRNAs miR-15a and miR-16-1 both targeting BCL2 and MCL1 expression and leading to apoptosis resistance are detected. 14 Currently the microRNAs are widely examined as prognostic factors in proliferating diseases, particularly with regards to their ability of predicting therapy outcome. The aim of this study was to analyze the possible role of chosen microRNAs expression as markers predicting the outcome of chemotherapy based on purine nucleoside analogues (PNA) -fludarabine and cladribine. PNA, in particular fludarabine, in combination with alkylating agents and monoclonal antibodies are still used as first line-therapy in fit patients with CLL, despite new forms of targeted treatment. However, there is a group of subjects who are resistant to PNA. TP53 gene abnormalities are indicators of such a resistance, but the other factors involved are being investigated. In the presented study the expression of miR-21, miR-34a, miR-181a and miR-221 in previously separated CD19+ leukemic cells was quantitatively analyzed with use of the qRQ-PCR technique.
Methods

Patients and research material
The study group comprised 40 unselected patients with CLL diagnosis, which was based on clinical examinations, morphological and immunological criteria according to IWCLL. All subjects were newly diagnosed and not treated previously. In all patients, the prognostic factors and clinical parameters were evaluated (Table 1) . This cohort included patients, who were described in our previous study in which we analyzed the role of microRNAs as CLL prognostic markers. 15 Samples of 10 ml peripheral blood were collected in syringes with the anticoagulant edetate (Sarstedt, Germany).
Cells isolation
Peripheral blood mononuclear cells (PBMC) were separated from 5 ml of peripheral blood by density gradient centrifugation (Biocoll, AG Biochrom, Berlin Germany). After washing and undergoing viability assessment, the cells were subjected to cell culture procedures or leukemic cells separation, respectively. The method of magnetic-activated cell sorting for leukemic cells separation was used according to the manufacturer's instructions (MACS ® Cell Separation, Bergisch Gladback, Germany). In this way the mononuclear cells were obtained, their viability was assessed and they were used for further procedures.
RNA extraction
The modified method of Chomczynski and Sacchi 16 was used for total RNA isolation from CD19+cells. For the further procedures 10 6 CD19+ cells were used. Isolation of RNA was performed with the use of the mirVana Isolation Kit (Ambion, Thermo Fisher Scientific, Waltham, MA, USA). Then RNA quantity and purity was assessed using the NanoDrop 2,000 spectrophotometer (Thermo Fisher Scientific). The isolated RNA was stored at −20°C until the moment of further procedures. procedures. The quantitative analysis of microRNA expression was performed with the method of quantitative reverse transcriptase real-time PCR (qRT-PCR).The following Taqman miRNA Assays were used in this study: hsa-miR-21-5p, hsamiR-34a-5p, hsa-miR-181a-5p, hsa-miR-221-3p and hsa-miR -16 as endogenous control. Accumulation of a fluorescent signal was a measure of positive reaction. The cycle threshold (Ct) was established as the number of cycles required for the fluorescent signal to cross the threshold and exceed the fluorescence level of background. Ct points were inversely proportional to the amount of microRNA in the sample. Based on the endogenous control we normalized the expression of each microRNA. The method of comparative ΔΔCq was then applied for data analysis, and fold changes were next calculated using 2 -ΔΔCq. 17 All PCR reactions were run in duplicate.
MicroRNA quantification
Cell cultures
Isolated PBMC at a concentration of 2×10 6 /ml were resuspended in culture medium consisting of RPMI 1,640 with L-glutamine, penicillin, streptomycin, and 10% fetal calf serum. This culture medium was complemented with fludarabine at a concentration of 1 µg/ml or cladribine at a concentration of 1.4 µg/ml, respectively. We selected the concentrations of the drugs based on the literature and our preliminary experiments in CLL cultures, in which certain concentrations caused a significant induction in apoptosis with spontaneous apoptosis that did not exceed 50% of the total cell culture. Cell samples that were incubated in the absence of any drug and in the presence of a drug solvent for periods of time that were equivalent to the drug-treated cells were considered negative controls. All of the reagents were obtained from Sigma-Aldrich Chemie GmbH (Germany). The cells were cultured at 37°C in a 5% CO 2 atmosphere for 0 and 24 hours and then they were assessed for the frequency of apoptosis as described below.
Measurement of apoptosis by detection of active caspase-3 expression
Cells that had been treated in culture with drugs were subjected to incubation with anti-CD19 PE-Cy7 and anti-CD5 APC-conjugated monoclonal antibodies (mAbs) (Pharmingen™, BD Biosciences, San Jose, CA, USA) for 15 min at room temperature. Subsequently, the fixation and permeabilization procedures were performed using the BD Cytofix/Cytoperm kit (BD Biosciences, San Jose, CA, USA) according to the manufacturer's instructions. The cells were then incubated with FITC-conjugated antiactive caspase-3 mAb (BD Biosciences). Acquisition and data analysis were done with the flow cytometry method using the eight-color flow cytometer FACSCanto II with Clinical response to purine analogues-based treatment regimens
In the studied group of patients the assessment of clinical response to chemotherapy with purine analogues-based regimens was performed. We used the criteria of response to treatment proposed by WG-IWCLL in 2008 based on WG-NCI criteria from 1996. 18, 19 According to these criteria, complete response required the absence of symptoms and organomegaly, normal complete cell counts of peripheral blood, less than 30% of lymphocytes in bone marrow for at least 2 months. When size of the lymph nodes, spleen and liver, together with the peripheral blood data, were at least 50% better than pre-treatment values, the partial response was achieved. Other patients were considered non-responders. 
Statistical analysis
Results
Assessment of microRNAs expression in leukemic cells
Our analysis revealed an expression of all analyzed microRNAs in leukemic cells, however the expression differs in certain cases. Thus the group of the studied subjects was divided into the subgroups with high and low expression of each microRNA, respectively. The cutoff point was established to be the mean expression of microRNA. In further analysis the groups of high and low microRNA expression were compared.
Assessment of fludarabine-induced apoptosis in cell culture in relation to microRNAs expression
Apoptosis rate was set up by assessment of the percentage of CD19+/CD5+ cells with active caspase 3 expression after 24 hours in in vitro culture. Percentage of apoptotic cells was higher in fludarabine-added culture in comparison to control culture, 19.79±8.74 and 11.87±8.25, respectively. Results of the increase in apoptotic cell numbers in relation to expression of miR-21, miR-34a, miR-181a, and miR-221 are presented in Table 2 . We observed statistically significant higher percentage of apoptotic cells in the group of patients with high expression of miR-34a in comparison to the group with low miR-34a expression ( Figure 1A ). The precise case analysis of low miR-34a and low apoptosis rate group revealed in four patients the absence of unfavorable cytogenetic risk factors that are known to be connected with apoptosis resistance. At the same time in these four subjects the unfavorable profiles of other analyzed microRNAs expression were detected (Table 3) . Further assessment of apoptotic cells percentage in the group of standard cytogenetic risk revealed a statistically significant difference between high and low miR-34-a expression cases (Figure1B). We did not achieve statistically significant differences in percentage of CD19 +/CD5+ leukemic cells with regards to expression of other microRNAs examined in the study. Table 4 . We did not observe statistically significant differences in percentage of apoptotic cells in the group of patients with high expression of analyzed microRNAs in comparison to the group of low microRNAs expression. However, assessment of apoptosis in the groups of different microRNA expression with regards to cytogenetic risk groups revealed the differences in the case of miR-34a. In the group of standard cytogenetic risk the percentage of cladribine-induced apoptotic cells was higher in cases of high miR-34a expression in comparison to those with low expression (Figure 2A and B) . The detailed case analysis revealed the absence of unfavorable cytogenetic risk factors and unfavorable profile of analyzed microRNA expression in six patients of low miR-34a and low apoptosis rate group (Table 5) . We did not reveal statistically significant differences in percentage of CD19+/CD5+ leukemic cells with regards to expression of other microRNAs examined in the study. Table 4 The increase in apoptotic cells percentage in cladribine-added cell cultures of leukemic cells in relation to expression of miR-21, miR-34a, miR-181a, and miR-221.
Expression of miR-21
Increase in the percentage of Caspace3+ (Cas3+) Assessment of overall response rate in patients treated with fludarabine-based regimens with regards to microRNAs expression
Fludarabine-based treatment was done in nine of 40 analyzed patients (seven patients received fludarabine in combination with cyclophosphamide; two patients received fludarabine in combination with cyclophosphamide and rituximab in full dose). Seven patients achieved response to therapy (complete remission or partial remission), while two of nine did not respond (none of them received fludarabine in combination with cyclophosphamide and rituximab). We compared the expression of all analyzed microRNAs in the group of responders versus nonresponders. The analyzed groups were small and the statistically significant differences were not achieved. The results are presented in Table 6 . In the studied group there were no patients treated with cladribine-based chemotherapy, so the analysis of in vivo effects of cladribine was not performed.
Discussion
Numerous markers of prognostic relevance have been identified for CLL, like laboratory parameters reflecting the tumor burden or disease activity and markers related to the biology of leukemia. 20, 21 Some of them are used to predict chemotherapy outcome. Deletion of the short arm of chromosome 17 (del17p) is found in some patients resistant to chemotherapies like purine analogues or alkylating agents. These deletions include in the majority of cases a band 17p13, where TP53 gene is located. TP53 is considered as the prominent tumor suppressor gene. 22, 23 In patients without del17p, TP53 mutations are rarely detected, but have a similarly unfavorable effect on chemotherapy response and patients survival. 21 The other factors involved in therapy resistance are still being investigated.
In the presented study we tried to analyze the possible role of chosen microRNAs expression miR-21, miR-34a, miR-181a and miR-221 as markers predicting the outcome of chemotherapy based on PNA fludarabine and cladribine in in vitro and in vivo conditions. Firstly, an increase in the percentage of apoptotic CD19+/CD5+/Cas3+ cells in PNAadded cultures had been analyzed in the group of patients with high versus low microRNA expression. We detected significantly higher fludarabine-induced apoptosis rate in patients with high miR-34a expression in comparison to low expression ones, which may indicate the possible role of this microRNA as a predictor of fludarabine-based therapy outcome. In a further step in our research the analysis of the microRNA influence on fludarabine-induced apoptosis in different risk groups was performed. We detected a significant difference in apoptosis rates in low versus high miR-34a expression groups in standard cytogenetic patients. These results may prove an important role of miR-34a expression as a predictor of apoptosis even in case when other risk factors like cytogenetic abnormalities are absent. Additionally, the detailed case analysis revealed in five patients of the standard cytogenetic risk group the low rate of apoptosis. In these patients unfavorable profile of microRNAs was detected as well.
The role of different microRNAs as predictors of fludarabine-based therapy was reported previously. Zenz et al 24 proved the decreased apoptosis rate of leukemic cells in CLL patients of unfavorable cytogenetic profile and low miR-34a expression, which may be connected with the fact that miR-34a expression is controlled by TP53 gen. It was earlier reported that resistance to apoptosis in in vitro conditions may reflect such a resistance in vivo, thus abnormalities in microRNAs expression influencing the rate of in vitro apoptosis may be predictors of therapy outcome in vivo. [30] [31] [32] In the presented study such an analysis with regards to results of fludarabine-based chemotherapy was performed, but the number of subjects enrolled was too small to obtain statistically significant results. However visible differences had been detected the expression of miR-34a. miR-221 and miR-181a were lower in the non-responders group in comparison to responders, while miR-21 expression was higher in nonresponders than in the responder group. As far as cladribine was concerned we proved no differences in percentage of apoptotic cells in the group of patients with high expression of analyzed microRNAs in comparison to the group of low microRNAs expression. However, in the group of standard cytogenetic risk the percentage of cladribine-induced apoptotic cells was higher in high expression of miR-34a cases than in low miR-34a expression. The detailed case analysis revealed the absence of unfavorable cytogenetic risk factors and unfavorable profile of analyzed microRNA expression in six patients. Similarly to fludarabine the relation between response to cladribine in vitro reflects the therapy outcome in vivo. 33, 34 Based on this result we might conclude that, in particular, miR-34a expression may be a predictor of response to cladribine even with the absence of other predictors like cytogenetic ones.
Conclusions
To summarize, an assessment of microRNAs expression may be a useful indicator of sensitivity to PNA both in vivo and in vitro. The low expression of miR-34a seems to be involved, among other factors, in fludarabineinduced apoptosis inhibition in cell culture condition. Such relation between apoptosis and miR-34a expression is observed mainly in the absence of unforeseeable risk cytogenetic abnormalities in leukemic cells. Similarly, an inhibition of proapoptotic effect of cladribine in in vitro cultures seems to be connected with miR-34a expression and it is most detectable in the absence of unforseeable risk cytogenetic changes. Thus further studies are required to describe precisely the role of microRNAs expression in predicting therapy outcome and their usefulness in clinical practice.
Abbreviation list
CLL, chronic lymphocytic leukemia; TTP, time to progression; PFS, progression free survival; OS, overall survival time; miR, microRNA; MoAb, monoclonal antibody; IgVH, immunoglobulin heavy chain genes; PBMC, peripheral blood mononuclear cells; qRT-PCR, quantitative reverse transcriptase real-time PCR; cDNA, complementary DNA; Ct, cycle threshold; MACS, magnetic activated cell sorting; FISH, fluorescence in situ hybridization.
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